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Aerodynamic Force Measurements 
With a Strain-Gage Balance 
in a Cryogenic Wind Tunnel 
Richmond P. Boyden, 
William G. Johnson, Jr., 
and Alice T. Ferris 
Langley Research Center 
Hampton, Virginia 
U s e  of t r a d e  names o r  names of manufac turers  i n  t h i s  report  does  n o t  c o n s t i t u t e  a n  
o f f i c i a l  endorsement of such  p roduc t s  o r  manufac turers ,  e i t h e r  expressed  o r  impl ied ,  
by t h e  N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion .  
SUMMARY 
Aerodynamic e v a l u a t i o n  tests have been made a t  ambient and a t  c ryogenic  tempera- 
t u r e s  wi th  t h e  l a t e s t  Langley d e s i g n  of a n  i n t e r n a l  s t r a i n - g a g e  ba lance  designed f o r  
o p e r a t i o n  i n  a c ryogenic  wind tunnel .  A s h a r p  leading-edge 75' delta-wing model w a s  
used t o  provide  t h e  aerodynamic l o a d i n g  f o r  t h e s e  tests. The ba lance  w a s  t e s t e d  i n  
v a r i o u s  c o n f i g u r a t i o n s  t h a t  inc luded  t h e  u s e  of  e l ec t r i ca l  r e s i s t a n c e  h e a t e r s ,  insu-  
l a t i n g  and n o n i n s u l a t i n g  a d a p t e r s  between t h e  model and t h e  balance,  and a convec t ion  
s h i e l d .  The e v a l u a t i o n  w a s  made by comparing t h e  d a t a  a t  a t u n n e l  s t a g n a t i o n  temper- 
a t u r e  of 300 K w i t h  d a t a  taken  a t  200 K and 110 K whi le  matching e i t h e r  t h e  Reynolds 
number o r  t h e  s t a g n a t i o n  p r e s s u r e .  The d a t a  w e r e  o b t a i n e d  o v e r  a range o f  a n g l e  of  
a t t a c k  up t o  about  2 9 O  and a t  Mach numbers of 0.3 and 0.5. 
The wind t u n n e l  tests show t h a t  i t  i s  p o s s i b l e  t o  a c q u i r e  a c c u r a t e ,  r e p e a t a b l e  
f o r c e  and moment d a t a  i n  a c ryogenic  wind t u n n e l  whi le  o p e r a t i n g  a t  s t e a d y - s t a t e  
thermal  c o n d i t i o n s  wi th  t h i s  l a t e s t  d e s i g n  i n t e r n a l  s t r a i n - g a g e  ba lance ,  e i t h e r  wi th  
o r  wi thout  e l e c t r i c a l  r e s i s t a n c e  h e a t e r s  be ing  used t o  c o n t r o l  ba lance  temperature .  
The convect ion s h i e l d  was shown t o  improve t h e  s t a b i l i t y  of  t h e  ba lance  o u t p u t  i n  
both  hea ted  and unheated c o n f i g u r a t i o n s .  There w e r e  no a p p a r e n t  Reynolds number 
e f f e c t s ,  w i t h i n  t h e  l i m i t s  of t h e  ha lance  accuracy,  on t h e  aerodynamic r e s u l t s  f o r  
t h e  del ta-wing model. 
INTRODUCTION 
Research i n t o  t h e  problems involved i n  measuring aerodynamic f o r c e s  and moments 
on a three-dimensional  a i r c r a f t  model w i t h  a n  i n t e r n a l  s t r a i n - g a g e  ba lance  i n  a t ran-  
s o n i c  cryogenic  wind t u n n e l  h a s  been underway a t  t h e  Langley Research Center  f o r  
s e v e r a l  years .  (See r e f s .  1 and 2.) T h i s  work h a s  been d i r e c t e d  toward t h e  g o a l  of  
be ing  prepared t o  perform u s e f u l  aerodynamic r e s e a r c h  i n  t h e  new Nat iona l  Transonic 
F a c i l i t y  a t  t h e  Langley Research Center  (NTF) when t h i s  l a r g e  t r a n s o n i c  c ryogenic  
wind t u n n e l  becomes o p e r a t i o n a l .  I n t e r n a l  s t ra in-gage  b a l a n c e s  have been i n  wide u s e  
i n  wind t u n n e l s  f o r  many y e a r s  a t  ambient temperatures  and a t  e l e v a t e d  temperatures .  
The N T F ,  however, w i l l  r e q u i r e  t h e  u s e  of i n t e r n a l  s t r a i n - g a g e  b a l a n c e s  capable  of  
a c c u r a t e l y  measuring forces and moments a t  temperatures  ranging  from 77.4 K ( t h e  
temperature  of l i q u i d  n i t r o g e n  a t  ambient p r e s s u r e )  u p  t o  a h o u t  340 K and a t  s t a g -  
n a t i o n  p r e s s u r e s  from ambient u p  t o  890 kPa (8.8 atm). The low temperatures ,  i n  
p a r t i c u l a r ,  impose many new problems on t h e  d e s i g n ,  f a b r i c a t i o n ,  and u s e  o f  s t r a i n -  
gage balances.  
The f i r s t  t e s t  of  a n  i n t e r n a l  s t ra in-gage  ba lance  i n  a c ryogenic  wind t u n n e l  w a s  
i n  1972 i n  a n  1 8  c m  by 28 c m  low-speed cryogenic  t u n n e l  ( r e f s .  3 and 4 ) .  The b a l a n c e  
used f o r  t h e s e  e a r l y  tests w a s  a n  e x i s t i n g  three-component water- jacketed b a l a n c e  
with t h e  d e s i g n a t i o n  HN05. For t h e  t es t  i n  t h e  low-speed cryogenic  t u n n e l ,  t a p  w a t e r  
a t  room temperature  w a s  c i r c u l a t e d  through t h e  w a t e r  j a c k e t  t o  keep  t h e  s t r a i n - g a g e  
ba lance  from becoming t o o  co ld .  Some problems w e r e  encountered wi th  a l g a e  c l o g g i n g  
t h e  tubes and p r e v e n t i n g  w a t e r  from c i r c u l a t i n g  through t h e  w a t e r  j a c k e t .  This ,  i n  
t u r n ,  allowed t h e  w a t e r  t o  f r e e z e  and t o  s p l i t  t h e  seams of t h e  w a t e r  j a c k e t .  How- 
ever ,  i n  sp i t e  of t h e  problems, g e n e r a l l y  good agreement f o r  d a t a  on a s h a r p  
leading-edge d e l t a  wing w a s  o b t a i n e d  over  a temperature  range  from 322 K t o  111 K. 
The n e x t  tests a t  Langley w i t h  a s t r a i n - g a g e  b a l a n c e  i n  a cryogenic  wind t u n n e l  
w e r e  made i n  1974 wi th  a three-component, e l e c t r i c a l l y  h e a t e d  b a l a n c e  ( d e s i g n a t e d  
H R C - ~ )  which had been developed s p e c i f i c a l l y  f o r  u s e  i n  a c ryogenic  tunnel .  These 
tests w e r e  made i n  t h e  Langley 0.3-m Transonic Cryogenic Tunnel (TCT), which a t  t h a t  
t i m e  had a s l o t t e d ,  oc tagonal  t e s t  s e c t i o n  t h a t  measured 0.34 m a c r o s s  t h e  f l a t s .  
D e t a i l s  of  t h e s e  tes ts  are i n  r e f e r e n c e  1. '&e HRC-1 b a l a n c e  u t i l i z e d  a combination 
o f  r e s i s t a n c e  h e a t e r s ,  a n  i n s u l a t o r  between t h e  model and t h e  balance,  and a s imi l a r  
i n s u l a t o r  between t h e  b a l a n c e  and t h e  s t i n g .  I n  a d d i t i o n ,  a t h i n  c y l i n d r i c a l  tube 
w a s  c a n t i l e v e r e d  forward o v e r  t h e  b a l a n c e  t o  s e r v e  as a "convect ion s h i e l d . "  This 
convect ion  s h i e l d  keeps t h e  c i r c u l a t i n g  c o l d  g a s  stream w i t h i n  t h e  b a l a n c e  from 
impinging d i r e c t l y  on t h e  a c t i v e  ba lance  elements.  Comparative tests w i t h  ambient 
temperature  d a t a  w e r e  made wi th  t h e  b a l a n c e  h e a t e d  and unheated a t  c ryogenic  temper- 
a t u r e s .  As noted i n  r e f e r e n c e  1 ,  some problems w e r e  encountered w i t h  thermal  con- 
t r o l  and temperature  g r a d i e n t s .  I t  w a s  concluded, however, t h a t  keeping t h e  ha lance  
h e a t e d  t o  ambient temperature  d u r i n g  tes ts  a t  c ryogenic  tempera tures  appeared t o  be a 
sound approach. A l s o ,  i t  w a s  suggested i n  r e f e r e n c e  1 ,  ... " t h e  concept  o f  a l lowing  
b a l a n c e  temperature  t o  vary wi th  s t a g n a t i o n  temperature  should  be i n v e s t i g a t e d  
f u r t h e r  s i n c e  t h e  absence of h e a t e r s  and i n s u l a t o r s  on t h e  b a l a n c e  would make pos- 
s i b l e  a r e d u c t i o n  i n  ba lance  d iameter  f o r  a g iven  load  capac i ty ."  
Since t h e  i n c e p t i o n  of t h e  cryogenic  wind t u n n e l  concept  i n  1971, development 
work h a s  a l s o  taken  place a t  o t h e r  r e s e a r c h  c e n t e r s  on t h e  u s e  of s t r a i n - g a g e  bal-  
ances  a t  cryogenic  temperatures .  The u s e  of e x i s t i n g  s t r a i n - g a g e  b a l a n c e s  wi th  t h e  
a d d i t i o n  of h e a t e r s  i n  a hlowdown t y p e  of cryogenic  wind t u n n e l  wi th  r e l a t i v e l y  s h o r t  
r u n  t i m e s  i s  d i s c u s s e d  i n  r e f e r e n c e s  5 and 6. Ongoing work on b o t h  h e a t e d  and 
unheated s t ra in-gage  b a l a n c e s  i n  s e v e r a l  c o u n t r i e s  i n  Europe i s  summarized i n  
r e f e r e n c e  7. 
The purpose of t h i s  paper i s  t o  p r e s e n t  t h e  aerodynamic r e s u l t s  of t h e  t h i r d  
series of tests a t  Langley of  a s t r a i n - g a g e  b a l a n c e  i n  a c ryogenic  wind t u n n e l .  
These t e s t s  u t i l i z e d  t h e  l a t e s t  e v a l u a t i o n  balance,  t h e  HRC-2. In  t h e  y e a r s  between 
t h e  d e s i g n  of t h e  HRC-1 and t h e  HRC-2, personnel  o f  t h e  Langley Instrument  Research 
D i v i s i o n  w e r e  involved i n  a comprehensive ba lance  development and e v a l u a t i o n  e f f o r t  
wi th  r e s e a r c h  done on ba lance  c o n s t r u c t i o n ,  s t r a i n  gages,  adhes ives ,  s o l d e r ,  w i r e s ,  
and moistureproofing.  Details of  t h i s  e f f o r t  have been r e p o r t e d  i n  r e f e r e n c e s  2, 8, 
and 9. ?he e n t i r e  development program w a s  aimed a t  minimizing t h e  e f f e c t s  of  cryo- 
g e n i c  temperatures  on s t ra in-gage  ba lance  output .  
The r e s u l t s  p r e s e n t e d  i n  t h i s  paper w e r e  o b t a i n e d  from two separate wind t u n n e l  
e n t r i e s ,  wi th  a d d i t i o n a l  t e s t i n g ,  e v a l u a t i o n ,  and improvements t o  t h e  s t r a i n - g a g e  
ba lance  t a k i n g  p l a c e  between t h e  f i r s t  e n t r y  and t h e  second e n t r y .  The f i r s t  e n t r y  
i n  t h e  0.3-m TCT w i t h  t h e  HRC-2 h a l a n c e  occurred  i n  1979 and t h e  second e n t r y  i n  
1981. A s h a r p  leading-edge delta-wing model w a s  used t o  l o a d  t h e  b a l a n c e  aerodynami- 
c a l l y ,  s i n c e  such a c o n f i g u r a t i o n  should  be r e l a t i v e l y  i n s e n s i t i v e  t o  any changes i n  
t e s t  Reynolds number r e s u l t i n g  from changes i n  o p e r a t i n g  p r e s s u r e  o r  temperature .  
The o b j e c t i v e  of t h e s e  tests w a s  t o  determine t h e  performance of t h e  HRC-2 ba lance  
under a c t u a l  cryogenic  wind t u n n e l  t e s t  c o n d i t i o n s .  The method used w a s  t o  compare 
force and moment d a t a  t a k e n  a t  a t y p i c a l  t u n n e l  s t a g n a t i o n  temperature  of 300 K w i t h  
d a t a  taken  a t  s t a g n a t i o n  tempera tures  of  200 K and 1 1 0  K. I n  t h e  f i r s t  e n t r y ,  t h e  
ba lance  could  h e  used a t  c ryogenic  tempera tures  e i t h e r  w i t h  e l ec t r i ca l  h e a t e r s  oper- 
a t i n g  t o  main ta in  t h e  ba lance  temperature  a t  300 K o r  wi th  t h e  e lec t r ica l  h e a t e r s  n o t  
o p e r a t i n g  t o  allow t h e  ba lance  temperature  t o  vary  w i t h  t u n n e l  s t a g n a t i o n  tempera- 
t u r e .  I n  a d d i t i o n ,  t h e  u s e  of a convect ion  s h i e l d  on t h e  b a l a n c e  and a n  i n s u l a t i n g  
a d a p t e r  between t h e  model and t h e  ba lance  w e r e  i n v e s t i g a t e d .  ?he e lec t r ica l  resis- 
t a n c e  h e a t e r s  and t h e  i n s u l a t i n g  a d a p t e r  w e r e  n o t  used d u r i n g  t h e  second t u n n e l  
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e n t r y .  These tests w e r e  made a t  Mach numbers of 0.3 and 0.5 and a t  angles  of a t t a c k  
from - 6 O  t o  29O. The tunne l  s t a g n a t i o n  p res su re  w a s  v a r i e d  from 122 kPa (1.2 atm) 
t o  491 kPa (4.8 a t m )  i n  o rde r  t o  compare r e s u l t s  a t  cons t an t  Reynolds number with 
d i f f e r e n t  va lues  of t unne l  s t a g n a t i o n  temperature .  The p res su re  w a s  a l s o  va r i ed  a t  a 
c o n s t a n t  tunnel  temperature  t o  determine model s e n s i t i v i t y  to  changes i n  Reynolds 
number. A l l  t h e  r e s u l t s  p re sen ted  i n  t h i s  r e p o r t  are s t e a d y - s t a t e  r e s u l t s ,  i n  t h a t  
s u f f i c i e n t  t i m e  w a s  al lowed f o r  t h e  balance temperatures ,  as monitored by 
thermocouples , t o  reach equ i l ib r ium values .  
SYMBOLS 
The aerodynamic d a t a  presented  i n  t h i s  r e p o r t  are r e f e r r e d  t o  the  body system of 
axes .  The o r i g i n  f o r  t h e s e  axes is t h e  moment r e fe rence  c e n t e r  l oca t ed  a t  25 percen t  
of t he  mean geometr ic  chord. Model dimensions given below are those  with the  model 
a t  a temperature  of 294 K. 
- 
C mean geometr ic  chord,  2/3 croot, 0.1580 m 
Croat model r o o t  chord, 0.2370 m 
cA 
‘m 
cN 
Axial fo rce  
qs 
a x i a l - f o r c e  c o e f f i c i e n t ,  
P i t ch ing  moment pitching-moment c o e f f i c i e n t ,  
qsc 
Normal fo rce  normal-force c o e f f i c i e n t ,  
qs 
M f ree-s t ream Mach number 
s t a g n a t i o n  p res su re ,  Pa o r  a t m  P t  
q f ree-s t ream dynamic p res su re ,  Pa 
R Reynolds number based on c 
S wing planform area, 0.01504 m 2 
s t a g n a t i o n  temperature ,  K T t  
a angle  of a t t a c k ,  deg 
APPARATUS AND PROCEDURE 
Wind Tunnel 
The Langley 0.3-m Transonic  Cryogenic Tunnel (TCT) is a s i n g l e  r e t u r n ,  fan- 
d r iven  wind tunne l  which u t i l i z e s  n i t rogen  as t h e  t e s t  gas .  The two-dimensional 
t es t  s e c t i o n  ( f i g .  1) p r e s e n t l y  i n s t a l l e d  i n  t h e  tunnel  c i r c u i t  i s  20.3 c m  wide and 
61.0 c m  high.  For t h i s  i n v e s t i g a t i o n ,  t he  test  s e c t i o n  had a s l o t t e d  f l o o r  and ceil- 
i n g  and s o l i d  s idewa l l s .  The t r a v e r s i n g  wake-survey probe, shown i n  f i g u r e  1 ,  was 
3 
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removed f o r  t h e s e  tests. A motor-driven t u r n t a b l e ,  22.8 c m  i n  diameter ,  i s  c e n t r a l l y  
l o c a t e d  i n  each  s i d e w a l l  f o r  t h e  mounting of  two-dimensional a i r f o i l  models. The 
Mach number c a p a b i l i t y  of t h e  0.3-m TCT wi th  t h e  two-dimensional t e s t  s e c t i o n  i s  from 
a b o u t  0.05 t o  0.95. S tagnat ion  p r e s s u r e  can be v a r i e d  from a b o u t  1 2 2  kPa ( 1  .2 a t m )  
t o  a b o u t  608 W a  (6.0 atm) and t h e  s t a g n a t i o n  tempera ture  range i s  from a b o u t  7 7  K t o  
3 2 7  K. F d d i t i o n a l  in format ion  on t h e  cryogenic- tunnel  c o n c e p t  and on t h e  o p e r a t i n g  
c h a r a c t e r i s t i c s  of t h e  0.3-m TCT i s  conta ined  i n  r e f e r e n c e s  3, IO, 11 ,  and 12 .  
The model chosen t o  provide  t h e  aerodynamic l o a d i n g  f o r  t h e  ba lance  e v a l u a t i o n  
i s  a s h a r p  leading-edge 75O d e l t a  wing as shown i n  f i g u r e  2. One advantage o f  u s i n g  
a s h a r p  leading-edge del ta-wing model f o r  t h i s  purpose i s  t h a t  such a c o n f i g u r a t i o n  
i s  cons idered  t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  .test Reynolds number. The 
t h i c k  diamond-shape c r o s s  s e c t i o n  i n  t h e  spanwise d i r e c t i o n  w a s  used i n  o r d e r  t o  
p r e v e n t  any a e r o e l a s t i c  d i s t o r t i o n  of  t h e  model from a f f e c t i n g  t h e  aerodynamic 
r e s u l t s .  This  model i s  s imi la r  t o  t h e  del ta-wing model o f  r e f e r e n c e  1 ,  which was 
s e l e c t e d  f o r  t h e  same reasons.  The ba lance  w a s  l o c a t e d  w i t h  respect t o  t h e  model 
c e n t e r  of p r e s s u r e  such t h a t  f u l l - s c a l e  normal f o r c e  on t h e  ha lance  r e s u l t e d  i n  n e a r  
f u l l - s c a l e  p i t c h i n g  moment b e i n g  a p p l i e d  t o  t h e  ba lance .  N o  a r t i f i c i a l  roughness w a s  
a p p l i e d  t o  t h e  model t o  t r i p  t h e  boundary l a y e r  d u r i n g  t h e s e  tests. 
The model i t s e l f  w a s  machined from a s i n g l e  piece o f  A-286 s t ee l .  Adapters o f  
two d i f f e r e n t  materials w e r e  used between t h e  ba lance  and t h e  model. One was made of 
g l a s s - c l o t h  r e i n f o r c e d  epoxy t o  provide  a r e l a t i v e l y  good thermal  i n s u l a t o r  between 
t h e  ba lance  and t h e  model when t h e  ba lance  h e a t e r s  w e r e  b e i n g  used. The o t h e r  
adapter w a s  made of  s t e e l  t o  provide  a metal-to-metal  i n t e r f a c e  between b a l a n c e  and 
model. A s i n g l e  expansion-type s t e e l  dowel p i n  was used t o  locate p r o p e r l y  t h e  
ba lance ,  a d a p t e r ,  and model wi th  r e s p e c t  t o  one another .  Some d i f f i c u l t y  w a s  encoun- 
t e r e d  i n  main ta in ing  a c l o s e  f i t  of t h e  i n s u l a t i n g  a d a p t e r  w i t h  b o t h  t h e  model and 
wi th  t h e  ba lance ,  s i n c e  t h e  €it of t h e  i n s u l a t i n g  adapter changed wi th  v a r i a t i o n s  i n  
humidi ty  and temperature.  
Model Support  System 
A s t r u t  wi th  a c i r c u l a r  a r c  a i r f o i l  s e c t i o n  w a s  a t t a c h e d  t o  t h e  t u r n t a b l e  on 
each s i d e  of  t h e  t u n n e l  t e s t  s e c t i o n .  The s t r u t  suppor ted  a s h o r t  s t i n g  on which t h e  
ha lance  and model w e r e  mounted. This arrangement i s  shown i n  f i g u r e  3, and a photo- 
graph of  t h e  model, s t i n g ,  and s u p p o r t  s t r u t  i s  shown i n  f i g u r e  4. The motor-driven 
t u r n t a b l e s  provide  t h e  a n g u l a r  r o t a t i o n  i n  p i t c h  f o r  t h e  model. The s t i n g  w a s  made 
from VasccFlax C-200 maraging s t e e l  and t h e  a i r f o i l  s t r u t  was made of A-286 s tee l .  
The t u r n t a b l e s  w e r e  made from 7075-Tcj aluminum a l l o y .  
Ea l a n c e  
The ba lance  used f o r  t h e s e  tes ts  i s  a one-piece,  i n t e r n a l  s t r a i n - g a g e  ba lance .  
It  w a s  designed s p e c i f i c a l l y  f o r  e v a l u a t i o n  and was f a b r i c a t e d  and gaged f o r  cryo- 
g e n i c  use.  This ba lance ,  des igna ted  HRC-2, i s  shown i n  f i g u r e  5. It  i s  a t h r e e -  
component ba lance  (normal, a x i a l ,  and p i t c h )  t h a t  i s  2.54 c m  i n  d iameter  and 21.21 c m  
long  and i s  s u i t a b l e  f o r  u s e  i n  t h e  TCT. It i s  made of VascoMax C-200 maraging s tee l  
and h a s  Micro-Measurements K-alloy s t r a i n  gages. I n  a d d i t i o n ,  HRC-2 h a s  t h e r m o f o i l  
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r e s i s t a n c e  h e a t e r s  f o r  thermal  c o n t r o l  and t y p e  T (copper-cons t an tan )  thermocouples 
€or  temperature  readout .  
S i n c e  tempera ture  g r a d i e n t s  are  m o s t  l i k e l y  t o  occur  a l o n g  t h e  l e n g t h  of a bal- 
ance,  i t  i s  d e s i r a b l e  t o  have a l l  f o u r  a c t i v e  a r m s  of  a s t r a i n  gage b r i d g e  a t  one 
s t a t i o n  on t h e  balance.  A b a l a n c e  wired i n  t h i s  manner i s  c a l l e d  a "moment" ba lance  
and r e s u l t s  i n  t h e  e lec t r ica l  o u t p u t s  of t h e  forward and a f t  b r i d g e s  having t o  be 
summed t o  o b t a i n  a n  o u t p u t  p r o p o r t i o n a l  t o  t h e  a p p l i e d  p i t c h i n g  moment and d i f f e r -  
enced t o  o b t a i n  a n  o u t p u t  p r o p o r t i o n a l  t o  t h e  applied normal f o r c e .  HRC-2 w a s  w i r e d  
i n  t h i s  manner t o  minimize g r a d i e n t  e f f e c t s  and t o  s i m p l i f y  temperature  compensation 
and d a t a  reduct ion .  
T h i s  three-component b a l a n c e  h a s  t h e  f ol lowing f u l l - s c a l e  d e s i g n  loads:  
Normal f o r c e  - 890 newtons 
Axial force - 222 newtons 
P i t c h i n g  moment - 28.2 newton-meters 
The accuracy of t h i s  s t ra in-gage  ba lance  i s  g iven  as  kO.5 p e r c e n t  of t h e  f u l l - s c a l e  
d e s i g n  loads .  The accuracy  may be expressed i n  terms of  each  of  t h e  aerodynamic 
c o e f f i c i e n t s  and i s  t h e n  dependent  on t h e  p a r t i c u l a r  model r e f e r e n c e  dimensions and 
on t h e  dynamic p r e s s u r e  of t h e  p a r t i c u l a r  t es t .  For t h e s e  tests,  t h e  quoted accuracy  
of f0.5 p e r c e n t  f o r  t h e  HRC-2 balance,  wi th  t h e  dynamic p r e s s u r e  i n  p a s c a l s  and t h e  
room temperature  dimensions of  t h e  model used, may b e  g iven  as  
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E N =  * -  
73.9 
9 
E A = * - -  
59.4 
ACm = k- 
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The model, balance,  model-to-balance a d a p t e r s ,  convec t ion  s h i e l d ,  and s t i n g  are  
shown i n  f i g u r e  6. The t u b u l a r  convec t ion  s h i e l d ,  made from g l a s s - c l o t h  r e i n f o r c e d  
e p o q ,  i s  a t t a c h e d  t o  t h e  s t i n g  end of t h e  ba lance  and c a n t i l e v e r e d  forward over  t h e  
gage s e c t i o n  of  t h e  balance.  The s h i e l d  i s  used t o  minimize h e a t  loss from t h e  h a l -  
ance  and a l s o  t o  improve t h e  s t a b i l i t y  o€ t h e  ba lance  o u t p u t  s i g n a l s ,  as  d i s c u s s e d  i n  
r e f e r e n c e  8. The i n s u l a t i n g  a d a p t e r  and t h e  s tee l  a d a p t e r  a re  i n t e r c h a n g e a b l e  p a r t s  
which f i t  between t h e  ba lance  and t h e  model. 
The fo l lowing  tab le  summarizes t h e  c o n f i g u r a t i o n  numbers as used i n  t h e  graph- 
i c a l  d a t a  f i g u r e s  t o  s p e c i f y  ( a )  t h e  t y p e  of ba lance  a d a p t e r  between t h e  b a l a n c e  
and t h e  model, e i t h e r  t h e  i n s u l a t i n g  b a l a n c e  a d a p t e r  o r  t h e  s t e e l  adapter ,  and 
(b)  t h e  u s e  of  t h e  convec t ion  s h i e l d :  
Conf i q u r a t i o n  I n s u l a t i n g  ba lance  a d a p t e r  Co nve c t i on s h i e Id- 
1 
2 
3 
On 
O f f  
Off 
On 
on 
Off 
A d d i t i o n a l  d e t a i l s  on t h i s  ba lance  may be found i n  r e f e r e n c e s  2, 8, and 9. 
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T e s t  Procedures and D a t a  Cor rec t ions  
A l l  t h e  d a t a  presented  h e r e i n  are s t e a d y - s t a t e  r e s u l t s  i n  t h a t  t he  ba lance  t e m -  
p e r a t u r e s  as monitored by thermocouples on t h e  balance w e r e  al lowed to  s t a b i l i z e  
be fo re  t ak ing  da ta .  For those runs i n  which the  ba l ance  w a s  hea ted ,  t h e  s e t - p o i n t  
temperature  of each h e a t e r  had t o  be manually ad jus t ed  dur ing  t h e  run t o  achieve  t h e  
d e s i r e d  temperature  of 300 K on the  balance a t  the  gage l o c a t i o n .  This  w a s  necessary  
s i n c e  t h e  automatic  temperature  c o n t r o l l e r  d i d  n o t  f u l l y  compensate f o r  t h e  changing 
thermal cond i t ions  because of the  r e l a t i v e  l o c a t i o n s  of h e a t e r s ,  temperature  sensor  
f o r  t h e  c o n t r o l l e r ,  and thermocouples on t h e  balance.  The v a r i a t i o n  of t h e  balance 
s t ra in-gage  ou tpu t  s e n s i t i v i t i e s  with temperature  could be p red ic t ed  from bench tests 
of the balance i n  a cryogenic  chamber. (See r e f .  8.) The equat ions  t o  c o r r e c t  t h e  
ba lance  s e n s i t i v i t i e s  with temperature  w e r e  i nco rpora t ed  i n  the  d a t a  r educ t ion  pro- 
cedure.  However, t he  v a r i a t i o n  i n  t h e  balance wind-off ze ros  with changes i n  temper- 
a t u r e  w a s  no t  r epea tab le  wi th in  d e s i r e d  l i m i t s ,  making it necessary  t o  reduce a l l  t h e  
d a t a  obtained a t  s t a g n a t i o n  temperatures  l o w e r  than 300 K us ing  beginning-of-run 
"cold" wind-off balance zeros .  These co ld  ze ros  w e r e  ob ta ined  by lowering tunne l  
s t a g n a t i o n  temperature  t o  the  d e s i r e d  va lue  with the  tunne l  running, wa i t ing  f o r  t h e  
balance temperatures  t o  s t a b i l i z e ,  and then qu ick ly  s topping  the  tunnel  f an  t o  
measure the  wind-off balance zeros  from t h e  t h r e e  components. 
The procedure followed t o  record the  wind-on d a t a  w a s  t o  s ta r t  with the  model a t  
Oo angle  of a t t a c k  and i n c r e a s e  t h e  model a t t i t u d e  i n  2 O  increments  up t o  t h e  maximum 
as l imi t ed  e i t h e r  by the  a l lowable  balance loads  or by t h e  angle-of-at tack d r i v e  
mechanism. Then the  model a t t i t u d e  w a s  lowered to  - 2 O  and decreased i n  2 O  increments  
t o  e i t h e r  - 4 O  o r  - 6 O  followed by a second Oo angle-of-at tack d a t a  p o i n t .  D a t a  w e r e  
acqui red  as s ingle-frame f i l t e r e d  data. The a t t i t u d e  acce lerometer  w a s  l oca t ed  on 
the  plenum s i d e  of one of t he  t u r n t a b l e s .  This  arrangement r equ i r ed  a c o r r e c t i o n  f o r  
s t i n g  and balance d e f l e c t i o n  under load t o  be made i n  t h e  d a t a  reduct ion  process  i n  
o rde r  t o  compute the  model angle  of a t t a c k .  
The model geometric dimensions used t o  nondimensionalize the  aerodynamic coef- 
f i c i e n t s  w e r e  co r rec t ed  f o r  thermal c o n t r a c t i o n  e f f e c t s  r e s u l t i n g  from the  changes i n  
temperature .  A s  po in ted  ou t  i n  r e fe rence  1 ,  t h e s e  c o r r e c t i o n s  can lead t o  d i f f e r -  
ences  of about  0.4 pe rcen t  i n  % and CA and 0.6 pe rcen t  i n  Cm f o r  d a t a  on a 
s t e e l  model a t  a temperature  of 110 K when compared with the  va lues  obta ined  us ing  
the  dimensions determined a t  room temperature .  
The ax ia l - fo rce  d a t a  have been co r rec t ed  f o r  model c a v i t y  p re s su re  i n  t h a t  test 
s e c t i o n  s ta t ic  p res su re  has been considered to  act  over  t he  p ro jec t ed  area of t h e  
balance c a v i t y  i n  t h e  v e r t i c a l  p lane  normal t o  t h e  model a x i s  of symmetry. 
The var ious  test  p o i n t s  a t  a Mach number of 0.5 are i n d i c a t e d  i n  f i g u r e  7 f o r  
t h e  d i f f e r e n t  combinations of tunnel  s t a g n a t i o n  p res su re  and temperature .  
D I S C U S S I O N  OF RESULTS 
General  Comments 
The two wind tunnel  e n t r i e s  covered by t h i s  r e p o r t  d i f f e r e d  i n  two impor t an t  
r e s p e c t s .  For the  f i r s t  e n t r y ,  no d e c i s i o n  had been made as t o  whether t h e  balance 
would produce more reliable d a t a  ope ra t ing  w i t h  t he  temperature  maintained a t  300 K 
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on t h e  balance o r  ope ra t ing  a t  ambient tunnel  condi t ions .  P r i o r  to  the  f i r s t  e n t r y  
tests, l a b o r a t o r y  r e sea rch  had i n d i c a t e d  t h a t  t he  s t r a i n  gages behaved p r e d i c t a b l y  a t  
cryogenic  temperatures ,  b u t  temperature-induced ou tpu t s  had no t  been minimized. The 
knowledge gained from t h e  f i r s t  e n t r y  tests and the  new gaging techniques developed 
i n  t h e  i n t e r v a l  between t h e  t w o  e n t r i e s  r e s u l t e d  i n  t h e  HRC-2 balance being regaged 
f o r  t h e  second series of tests. The regaged balance has  more s t a b l e  gage ou tpu t s ,  
r e q u i r e s  smaller temperature  c o r r e c t i o n s ,  and is designed t o  ope ra t e  a t  cryogenic  
temperatures  wi thout  thermal c o n t r o l .  
F i r s t  Wind Tunnel Entry 
The r e s u l t s  i n  f i g u r e s  8 through 16 a t  a Mach number of 0.5 are from t h e  i n i t i a l  
series of wind tunnel  tests conducted dur ing  J u l y  1979 with the HRC-2 balance.  The 
primary o b j e c t i v e  w a s  t o  test  the  balance,  which incorpora ted  the  l a t e s t  des ign  tech- 
n iques ,  f a b r i c a t i o n  processes ,  and materials, i n  a cryogenic  tunnel .  A f u r t h e r  
o b j e c t i v e  of these  tests w a s  to determine the  advantages and disadvantages of the  use 
of e lectr ical  r e s i s t a n c e  h e a t e r s  on t h i s  l a tes t  des ign  f o r  a s t ra in-gage  balance 
dur ing  an a c t u a l  t e s t  i n  a cryogenic  wind tunnel .  Bench tests of t he  HRC-2 balance 
p rev ious ly  had been performed i n  a cryogenic  chamber. However, a series of wind 
tunnel  tests i n  a more r ea l i s t i c  environment should provide a better i n s i g h t  i n t o  
balance performance, while  measuring a c t u a l  aerodynamic data. 
Figure 8 compares the  r e s u l t s  measured on conf igu ra t ion  1 a t  a s t agna t ion  t e m -  
p e r a t u r e  of 300 K with the r e s u l t s  a t  s t agna t ion  temperatures  of 200 K and 110 K. 
Tunnel cond i t ions  w e r e  ad jus t ed  t o  provide the  same Reynolds number f o r  a l l  t hese  
d a t a .  Conf igura t ion  1 had both the  i n s u l a t i n g  adapter  between the  balance and t h e  
model and the  convect ion s h i e l d  i n s t a l l e d  on the  balance.  The agreement of t he  d a t a  
f o r  t he  d i f f e r e n t  temperatures  and p res su res  i s  considered t o  be very good. The 
r e s u l t s  i n  f i g u r e  8 ( a ) ,  i n  which the  balance h e a t e r s  w e r e  on f o r  s t a g n a t i o n  tempera- 
t u r e s  b e l o w  300 K, are e s s e n t i a l l y  the  same as those  i n  f i g u r e  8 ( b ) ,  i n  which the  
h e a t e r s  w e r e  o f f .  I n  f i g u r e  8 ( b ) ,  t h e r e  is a s m a l l  o f f s e t  apparent  i n  a x i a l  f o r c e  
between the  d a t a  p o i n t s  f o r  110 K a t  p o s i t i v e  and a t  nega t ive  angles  of a t t a c k ,  as 
i n d i c a t e d  by the  f a i r i n g  of t he  d a t a  po in t s .  This o f f s e t  i s  d iscussed  more f u l l y  i n  
a later paragraph. The symmetrical  model used f o r  t hese  tests shows t h a t  t h e r e  is 
l i t t l e  o r  no flow a n g u l a r i t y  i n  the  t es t  s e c t i o n  of t he  0.3-m TCT, s i n c e  t h e  
pitching-moment d a t a  and normal-force d a t a  pass  through the  o r i g i n  of t he  axes.  The 
balance accu rac i e s  of k0.5 percen t  of t he  f u l l - s c a l e  loads  i n  t e r m s  of the  nondimen- 
s i o n a l i z e d  c o e f f i c i e n t s  are shown as bands along t h e  right-hand edge of the  p l o t  i n  
f i g u r e  8 ( a ) .  The accuracy bands f o r  t h e  pitching-moment and normal-force c o e f f i -  
c i e n t s  are much smaller than those  o f  the ax ia l - fo rce  c o e f f i c i e n t s .  One reason f o r  
t h i s  is the  choice  of scales used on the  p l o t .  Another reason is t h a t  t h e  ax ia l -  
f o r c e  component w a s  loaded to  only  about  22 pe rcen t  of i ts des ign  load with the  
p a r t i c u l a r  model used f o r  t h i s  test ,  even a t  the  h i g h e s t  t o t a l  p ressure .  I n  con- 
trast, the  o t h e r  two components w e r e  loaded t o  n e a r l y  f u l l - s c a l e  des ign  load. 
F igure  9 is a comparison of r e s u l t s  a t  300 K f o r  two d i f f e r e n t  values  of t h e  
These d a t a  are i n  good agreement when cons ide r ing  t h e  quoted balance 
s t a g n a t i o n  pressure .  
7.60 x lo6 .  
accu rac i e s .  Thus, as expected,  t he  vortex-type flow on t h i s  sha rp  leading-edge, 
h igh ly  swept delta-wing model is appa ren t ly  no t  s e n s i t i v e  t o  changes i n  Reynolds 
number over t h e  range i n  f i g u r e  9. 
This  g ives  a v a r i a t i o n  i n  Reynolds number from 1.88 x l o 6  t o  
The r e s u l t s  of t e s t i n g  a t  110 K with t h e  balance h e a t e r s  o f f  and on are compared 
with ambient temperature  d a t a  a t  the  s a m e  s t agna t ion  p res su re  i n  f i g u r e  10. The 
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Reynolds number range i s  t h e  same a s  i n  f i g u r e  9. Good agreement f o r  t h e s e  d a t a  i s  
shown over  t h e  complete angle-of -a t tack  range from about  -6O t o  about  27O excep t  f o r  
t h e  same o f f s e t  i n  a x i a l  f o r c e  mentioned f o r  f i g u r e  8 ( b ) .  
The r e s u l t s  f o r  c o n f i g u r a t i o n  2, wi th  t h e  i n s u l a t i n g  a d a p t e r  between t h e  model 
and t h e  ba lance  rep laced  by t h e  s t e e l  adapter ,  are conta ined  i n  f i g u r e s  1 1  through 
14. The d a t a  i n  f i g u r e  1 1  ( a )  wi th  t h e  ba lance  h e a t e r s  on a r e  ve ry  s i m i l a r  t o  those  
i n  f i g u r e  8 ( a ) .  However, i n  f i g u r e  l l ( b ) ,  t h e  a x i a l - f o r c e  c o e f f i c i e n t s  a t  110 K w i th  
t h e  ba lance  h e a t e r s  o f f  a r e  lower f o r  ang le s  of a t t a c k  from - 6 O  t o  Oo and f o r  t h e  
r e p e a t  p o i n t s  of 2 O  and 1 2 O  t han  are t h e  d a t a  a t  200 K o r  300 K and those  of f i g -  
u re  8. During cryogenic  t e s t i n g  i n  t h e  l a b ,  i t  was noted t h a t  a " s t ep"  z e r o  s h i f t  
would sometimes occur  i n  t h e  a x i a l  o u t p u t  a t  co ld  temperatures .  This z e r o  s h i f t  w a s  
n o t  p r e d i c t a b l e  and no exp lana t ion  was found f o r  it, b u t  i t  w a s  thought  t o  be  caused 
by t h e  mois tureproof ing  compound a p p l i e d  t o  t h e  exposed w i r i n g  on t h e  balance.  ?h i s  
type  of z e r o  s h i f t  i s  appa ren t  i n  some of t h e  d a t a  taken  du r ing  t h e  f i r s t  t u n n e l  
e n t r y  and presented  l a t e r .  I f  t h e  aforementioned d a t a  p o i n t s  a r e  s h i f t e d  upward by 
t h e  magnitude of t h i s  appa ren t  z e r o  s h i f t ,  t h e  d a t a  a g r e e  q u i t e  wel l .  The z e r o  s h i f t  
i n  f i g u r e  l l ( b )  w a s  noted du r ing  t h e  t e s t ,  and a r e p e a t  run  w a s  made a s  r ep resen ted  
by t h e  square  symbols i n  f i g u r e  1 2 .  N o  ze ro  s h i f t  occur red  dur ing  t h e  r e p e a t  r u n .  
F igure  13 i s  a comparison a t  300 K f o r  two va lues  of s t a g n a t i o n  p r e s s u r e  f o r  
conf igu ra t ion  2. The f i g u r e  shows, as d i d  f i g u r e  9 f o r  c o n f i g u r a t i o n  1 ,  t h a t  t h e  
v a r i a t i o n  i n  Reynolds number d i d  n o t  a f f e c t  t h e  aerodynamic r e s u l t s  w i t h i n  t h e  
accuracy of t h e  balance.  
F igure  1 4  shows t h e  e f f e c t  of t h e  ba lance  h e a t e r s  by comparing d a t a  wi th  t h e  
h e a t e r s  o f f  and on a t  110 K w i th  ambient temperature  d a t a .  Except f o r  t h e  s h i f t  i n  
a x i a l - f o r c e  c o e f f i c i e n t  t h a t  was prev ious ly  noted i n  f i g u r e  1 1 ,  t h e  d a t a  a r e  i n  good 
ag r e eme n t . 
The r e s u l t s  f o r  conf igu ra t ion  3, which had t h e  i n s u l a t i n g  ba lance  a d a p t e r  
rep laced  by t h e  s t e e l  a d a p t e r  and t h e  convect ion s h i e l d  removed, a r e  p re sen ted  i n  
f i g u r e  15. As can be seen  i n  f i g u r e  1 5 ( a ) ,  t h e  d a t a  wi th  t h e  h e a t e r s  on a t  a s tag-  
n a t i o n  temperature  of 110 K have a h ighe r  a x i a l - f o r c e  c o e f f i c i e n t  over  t h e  angle-of-  
a t t a c k  range than  t h e  ambient temperature  da ta .  The d i f f e r e n c e  i s  about  1 p e r c e n t  of 
t h e  f u l l - s c a l e  des ign  load.  The anomaly i n  t h e  a x i a l - f o r c e  d a t a  a t  110 K i s  thought  
t o  r e s u l t  from temperature  g r a d i e n t s  on t h e  ba lance  caused by removal of t h e  convec- 
t i o n  s h i e l d  and t h e  a s s o c i a t e d  h ighe r  power requirements  f o r  t h e  ha lance  h e a t e r s  t o  
main ta in  t h e  temperature  a t  300 K on t h e  ba lance  a t  t h e  thermocouple loca t ions .  
There i s  a l s o  some d iscrepancy  i n  t h e  pitching-moment d a t a ,  e s p e c i a l l y  a t  4 O  a n g l e  of  
a t t a c k .  Ihe d a t a  f o r  conf igu ra t ion  3 i n  f i g u r e  1 5 ( b )  w i th  t h e  h e a t e r s  o f f  a r e  i n  
b e t t e r  agreement f o r  p i t c h i n g  moment and normal f o r c e  than  a r e  t h e  d a t a  wi th  h e a t e r s  
on i n  f i g u r e  1 5 ( a ) .  The a x i a l - f o r c e  d a t a  a t  110 K i n  f i g u r e  1 5 ( b )  c o n t a i n  a z e r o  
s h i f t  s i m i l a r  t o  t h a t  d i scussed  e a r l i e r  with regard  t o  f i g u r e  l l ( b ) .  
The r e s u l t s  from t e s t s  of t h e  t h r e e  d i f f e r e n t  c o n f i g u r a t i o n s  a t  ambient temper- 
a t u r e  a r e  compared i n  f i g u r e  16 and a r e  i n  e x c e l l e n t  agreement. 
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Second Wind Tunnel Entry 
The second cryogenic  wind t u n n e l  t es t  wi th  t h e  HRC-2 b a l a n c e  w a s  run  d u r i n g  
March 1981 i n  t h e  0.3-m TCT. For t h i s  tes t ,  t h e  b a l a n c e  h e a t e r s  w e r e  n o t  used, s i n c e  
t h e  r e s u l t s  of  t h e  p r e v i o u s  t u n n e l  e n t r y  showed t h a t  t h e  d a t a  wi th  t h e  h e a t e r s  o f f  
w e r e  j u s t  as  a c c u r a t e  as  t h e  d a t a  t a k e n  w i t h  h e a t e r s  on. Also, based on t h e  d a t a  
obta ined  d u r i n g  t h e  f i r s t  t u n n e l  e n t r y ,  i t  w a s  dec ided  t h a t  t h e  i n s u l a t i n g  a d a p t e r  
between t h e  model and t h e  b a l a n c e  was n o t  necessary.  The convect ion s h i e l d  w a s  
r e t a i n e d ,  however, as  t h e  b a l a n c e  o u t p u t s  w e r e  n o t i c e a b l y  more s t a b l e  wi th  t h e  s h i e l d  
i n  place, even when t h e  b a l a n c e  h e a t e r s  w e r e  o f f .  Therefore ,  d u r i n g  t h e  second tun- 
n e l  e n t r y ,  o n l y  c o n f i g u r a t i o n  2 w a s  t e s t e d .  A s  mentioned b e f o r e ,  t h e  ba lance  w a s  
regaged and c a l i b r a t e d  between t h e  f i r s t  and second t u n n e l  e n t r i e s  as a r e s u l t  of 
cont inuing  exper imenta t ion  w i t h  gaging techniques  as d e s c r i b e d  i n  r e f e r e n c e  9. 
The r e s u l t s  o b t a i n e d  a t  Mach numbers of 0.3 and 0.5 are  conta ined  i n  f i g u r e s  17 
through 19. The b a l a n c e  accuracy  bands of  f0.5 p e r c e n t  of  t h e  f u l l - s c a l e  l o a d s  are 
noted  a l o n g  t h e  r ight-hand s i d e  of f i g u r e s  1 7 ( a )  and 1 7 ( b ) .  'Ihe l a r g e  d i f f e r e n c e s  i n  
t h e  s i z e s  of t h e  accuracy  bands fo r  t h e  t h r e e  components wi th  changes i n  s t a g n a t i o n  
p r e s s u r e  and Mach number should be noted. Consider ing t h e  magnitude of t h e  accuracy 
bands, t h e  agreement f o r  t h e  v a r i o u s  t e s t  c o n d i t i o n s  i n  f i g u r e  17 f o r  t h e  case of 
c o n s t a n t  Reynolds number i s  cons idered  t o  be very good. !the angle-of-at tack range i s  
less a t  a Mach number of 0.5 t h a n  a t  a Mach number of  0.3 t o  p r e v e n t  t h e  b a l a n c e  
normal-force l i m i t  a t  t h e  h i g h e s t  p r e s s u r e  from b e i n g  exceeded. 
Figure 1 8  shows t h e  r e s u l t s  a t  t h e  d i f f e r e n t  tempera tures  € o r  t h e  cons tan t -  
p r e s s u r e  runs.  Good agreement i s  s e e n  e x c e p t  f o r  t h e  a x i a l - f o r c e  c o e f f i c i e n t  i n  
f i g u r e  18(b)  f o r  a Mach number of 0.3 and t h e  l o w e s t  s t a g n a t i o n  p r e s s u r e  of  
1 2 2  kPa. For t h i s  case, t h e  b a l a n c e  accuracy of  f0.5 p e r c e n t  of f u l l - s c a l e  a x i a l  
d e s i g n  load  t r a n s l a t e s  t o  
ing.  F igure  1 9 ( a )  i s  a comparison o f  r e s u l t s  a t  300 K and a Mach number of 0.3 for  
two s t a g n a t i o n  p r e s s u r e s ,  which r e s u l t  i n  a f a c t o r  of  4 i n  t h e  aerodynamic l o a d s .  
The d i f f e r e n c e s  which can  be noted i n  t h e s e  runs  and i n  t h e  r u n s  i n  f i g u r e  18(b)  
r e s u l t  from t h e  i n a b i l i t y  of  a s i n g l e  ba lance  c a l i b r a t i o n  t o  be a p p l i e d  over  a l a r g e  
range of loads.  This p o i n t s  o u t  t h e  p o s s i b l e  need t o  c a l i b r a t e  a ba lance  over  more 
than  one load  range i n  o r d e r  t o  improve d a t a  accuracy  f o r  tes ts  a t  a low percentage  
of  balance d e s i g n  loads.  In  f i g u r e  1 9 ( b ) ,  d a t a  f o r  t w o  r u n s  are  compared over  a more 
s i m i l a r  load  range and are  found t o  be  i n  e x c e l l e n t  agreement f o r  a Mach number o f  
0.5 and a t o t a l  t empera ture  of 300 K a t  t w o  l e v e l s  of s t a g n a t i o n  pressure .  
CA = f0.0102 f o r  t h i s  r e l a t i v e l y  l o w  aerodynamic load-  
Figure 20 i s  a comparison of  t h e  r e s u l t s  f o r  t w o  repeat r u n s  a t  t h e  same t e s t  
c o n d i t i o n s  of a Mach number of 0.3 and a s t a g n a t i o n  p r e s s u r e  of  488 kPa. These d a t a  
are i n  e x c e l l e n t  agreement o v e r  t h e  e n t i r e  range of  a n g l e  of a t t a c k ,  i n d i c a t i n g  a 
h igh  degree  of r e p e a t a b i l i t y  provided by t h e  t u n n e l  c o n t r o l  and i n s t r u m e n t a t i o n  
systems . 
SUMMARY O F  RESULTS 
Aerodynamic e v a l u a t i o n  tests have been made a t  ambient and a t  cryogenic  temper- 
a t u r e s  w i t h  t h e  l a t e s t  Langley d e s i g n  of a n  i n t e r n a l  s t r a i n - g a g e  ba lance  des igned  f o r  
o p e r a t i o n  i n  a c ryogenic  wind t u n n e l .  A s h a r p  leading-edge 75O delta-wing model w a s  
used t o  provide  t h e  aerodynamic l o a d i n g  fo r  t h e s e  tests. During t h e  f i r s t  t u n n e l  
e n t r y ,  experiments  w e r e  conducted w i t h  e lec t r ica l  r e s i s t a n c e  h e a t e r s ,  a n  i n s u l a t i n g  
a d a p t e r  between t h e  model and t h e  balance,  and a convec t ion  s h i e l d  for  t h e  balance. 
For t h e  second t u n n e l  e n t r y ,  o n l y  t h e  convec t ion  s h i e l d ,  which i n c r e a s e d  t h e  s ta -  
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b i l i t y  of  t h e  ba lance  output ,  w a s  used. 
d a t a  a t  a t u n n e l  s t a g n a t i o n  tempera ture  of 300 K w i th  d a t a  t aken  a t  200 K and 110 K 
wh i l e  matching e i t h e r  t h e  Reynolds number o r  t h e  s t a g n a t i o n  p res su re .  
ob ta ined  over  a range of a n g l e  of  a t t a c k  up t o  abou t  29O and a t  Mach numbers of 0.3 
and 0.5. 
Ihe  e v a l u a t i o n  w a s  done by comparing t h e  
The d a t a  were 
The wind t u n n e l  tests show t h a t  i t  i s  p o s s i b l e  t o  a c q u i r e  accu ra t e ,  r e p e a t a b l e  
f o r c e  and moment d a t a  i n  a cryogenic  wind t u n n e l  whi le  o p e r a t i n g  a t  s t e a d y - s t a t e  
thermal  c o n d i t i o n s  w i t h  t h i s  l a t e s t  des ign  i n t e r n a l  s t ra in-gage  balance,  e i t h e r  w i th  
o r  wi thout  e lec t r ica l  r e s i s t a n c e  h e a t e r s  be ing  used t o  c o n t r o l  ha lance  temperature .  
The aerodynamic d a t a  taken  wi thou t  u s i n g  t h e  e l ec t r i ca l  h e a t e r s  proved t o  be  j u s t  as 
a c c u r a t e  as t h e  d a t a  taken  wh i l e  u s i n g  t h e  e l ec t r i ca l  h e a t e r s .  
The range of Reynolds number f o r  t h i s  t e s t  d i d  n o t  produce any n o t i c e a b l e  
e f f e c t s  i n  t h e  aerodynamic r e s u l t s  f o r  t h e  del ta-wing model w i t h i n  t h e  l i m i t s  of t h e  
ba lance  accuracy.  
Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
November 1 1 , 1983 
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Figure  1.- Sketch of s i d e  view of two-dimensional t e s t  s e c t i o n  of t h e  Langley 0.3-m 
Transonic Cryogenic Tunnel. 
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Figure 2.- Three-view drawing of model. (Dimensions are . in centimeters. ) 
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Figure 3.- Sketch of arrangement of model, s t i n g ,  and  s t r u t  suppor t  i n  t h e  Langley 
0.3-m Transonic  Cryogenic Tunnel. 
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Figure 4.- Photograph of model, s t i n g ,  and support  s t r u t .  
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( a )  Photograph of balance. 
Figure 5.- Strain-gage balance HRC-2. 
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(b )  Schematic of balance. (Dimensions are i n  centimeters. ) 
Figure 5.- Concluded. 
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Figure 6.- Photograph of model, balance, shield,  adapters, and s t ing.  
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Figure 7.- Envelope of t e s t  condi t ions i n  t h e  Langley 0.3-m Transonic Cryogenic Tunnel f o r  a Mach 
number of 0.5. 
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Figure 8.- Comparison of results for configuration 1 at 
and R = 7.60 x lo6. 
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Figure 8.- Concluded. 
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Figure 9.- Comparison of r e s u l t s  f o r  conf igu ra t ion  1 w i t h  ba lance  h e a t e r s  
o f f  a t  M = 0.5 and T = 300 K. t 
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Figure 10.- Comparison of r e s u l t s  f o r  conf igu ra t ion  1 wi th  ba l ance  h e a t e r s  off 
and on a t  M = 0.5  and pt = 122 kPa. 
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Figure  11.- Comparison of r e s u l t s  for c o n f i g u r a t i o n  2 a t  
M = 0.5 and R = 7.60 X l o 6 .  
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Figure  1 1 . -  Concluded. 
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Figure 12.- Comparison of r e s u l t s  for repeat runs f o r  configuration 2 
with balance heaters o f f  a t  M = 0 . 5  and Tt = 110  K. 
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Figure  13.-  Comparison of r e s u l t s  for configuration 2 with balance 
heaters off a t  M = 0 . 5  and Tt = 300 K. 
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Figure 14.- Comparison of resu l t s  for  configuration 2 with balance 
heaters off and on a t  M = 0.5 and Pt = 1 2 2  kPa. 
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Figure 15.- Comparison of r e s u l t s  fo r  conf igura t ion  3 a t  
6 M = 0.5 and R = 7.60 X 10 . 
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(b) Balance hea te r s  of f .  
Figure 15. - Concluded. 
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Figure 16.- Comparison of r e s u l t s  f o r  conf igu ra t ions  1 ,  2 ,  and 3 with balance 
h e a t e r s  o f f  a t  M = 0.5, pt = 491 kPa, and Tt = 300 K. 
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Figure 17.- Comparison of resu l t s  fo r  configuration 2 with balance 
heaters off a t  constant Reynolds number. 
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Figure 17. - Concluded. 
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Figure 18.- Comparison of results for configuration 2 with balance 
heaters off at constant pressure. 
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Figure  18.- Continued. 
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F i g u r e  18.- Continued. 
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F i g u r e  18.- Concluded. 
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Figure 19.- Comparison of r e su l t s  fo r  configuration 2 w i t h  balance 
heaters off a t  Tt = 300 K. 
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Figure 20.- Comparison of r e s u l t s  f o r  repea t  runs f o r  configurat ion 2 
with balance hea te r s  o f f  a t  M = 0.3 and Tt = 300 K. 
40 
. 
2. Government Accession No. i - -  
___ . - . - 
1. Report No. 
NASA TP-2251 
4. Title and Subtitle 
AERODYNAMIC FORCE MEASUREMENTS WITH A STRAIN-GAGE 
BALANCE I N  A CRYOGENIC WIND TUNNEL 
._ .. . . - -. . - -. - . . 
7. Authorts) 
Richmond P. Boyden, W i l l i a m  G. Johnson, Jr. 
and Alice T. F e r r i s  
.- . ~ . - . - . _-- 
9. Performing Organization Name and Address 
NASA Langley Research Center  
Hampton, VA 23665 
- .-. . -_ . . . .- -. . . 
2. Sponsoring Agency Name and Address 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Washington, DC 20546 
~ . . - . 
5. Supplementary Notes 
1 -3~Recipient's'Catalog No. 
5. Report Date 
6. Performing Organization Code 
December 1983 
505-31-53-1 0 
8. Performing Orpnization Report No. 
G 1 5685 
Techn ica l  Paper  
14. Sponsoring Agency Code 
1 . 
Aerodynamic f o r c e  measurements on a g e n e r a l i z e d  75' del ta-wing model w i t h  s h a r p  
l e a d i n g  edges have been made w i t h  a three-component i n t e r n a l  s t r a i n - g a g e  ba lance  i n  
a c ryogen ic  wind t u n n e l  a t  s t a g n a t i o n  t empera tu res  of 300 K, 200 K, and 110 K. The 
f e a s i b i l i t y  o f  u s i n g  a s t r a i n - g a g e  b a l a n c e  wi thou t  t he rma l  c o n t r o l  i n  a c ryogen ic  
environment  as w e l l  as  t h e  u s e  of e lec t r ica l  r e s i s t a n c e  h e a t e r s ,  a n  i n s u l a t o r  between 
t h e  model and t h e  ba l ance ,  and a convec t ion  s h i e l d  on t h e  b a l a n c e  was i n v e s t i g a t e d .  
Force and moment d a t a  on t h e  de l ta -wing  model as measured by t h e  b a l a n c e  are compared 
a t  t h e  d i f f e r e n t  t empera tu res  wh i l e  h o l d i n g  c o n s t a n t  e i t h e r  t h e  Reynolds number o r  
t h e  t u n n e l  s t a g n a t i o n  p res su re .  Tests w e r e  made a t  Mach numbers of  0.3 and 0.5 and 
a t  a n g l e s  of  a t t a c k  up  t o  29O. ?Ine r e s u l t s  i n d i c a t e  t h a t  i t  i s  f e a s i b l e  t o  a c q u i r e  
a c c u r a t e  force and moment d a t a  w h i l e  o p e r a t i n g  a t  s t e a d y - s t a t e  t he rma l  c o n d i t i o n s  i n  
a c ryogen ic  wind t u n n e l ,  e i t h e r  w i t h  o r  w i thou t  e lec t r ica l  h e a t e r s  on t h e  ba l ance .  
Wi th in  t h e  l i m i t s  of  t h e  ba l ance  accuracy ,  t h e r e  w e r e  no a p p a r e n t  Reynolds number 
e f f e c t s  on t h e  aerodynamic r e s u l t s  f o r  t h e  de l ta -wing  model. 
. -  - - i - -  - .  ~~ 
1 .  Key Words (Suggested by Author(s)) 
Cryogenic  f o r c e  ba l ance  
S t r  a i  n-gage ba lance  
Cryogenic wind t u n n e l  
- .  _ .  
20. Security Classif. (of this page) 
Unclas s i f i ed  
#. Security Classif. (of this report) 
. I . .. U n c l a s s i f i e d  
- -. -. . 1 
18. Distribution Statement 
U n c l a s s i f i e d  - Unl imi ted  
S u b j e c t  Ca tegor i e s  02 and 35 
21. No. of Pages 22. Rice 
_ _  1 A03 - - 42 
N-305 For sale by the National Technical Information Service, Springfield, Virginia 22161 
NASA-Langley, 1983 
National Aeronautics and 
Space Administration 
Washington, D.C. 
20546 
Official Business 
Penalty for Private Use, $300 
THIRD-CLASS BULK RATE Postage and Fees Paid 
National Aeronautics and 
Space Administration 
NASA451 
POSTMASTER: If Undeliverable (Section 158 
Postal Manual) Do Not Return 
! 
